A novel mechanism generating short deletion/ insertions is described based on a mutation in the human α 2 -globin gene. A deletion of 9 bp (codons 39-41) is replaced by an eight nucleotide insertion, duplicating the adjacent downstream sequence. We propose that the mutation arose by slipped strand mispairing (SSM), creating a single-stranded loop, followed by DNA elongation, strand breathing and the formation of a mismatch bubble. An extensive literature search has revealed six additional deletion/insertion mutations in humans in which the inserted nucleotides come from the same DNA strand. Our model explains all six mutations, suggesting that rearrangement of a mismatch loop or bubble during DNA replication may be not uncommon.
INTRODUCTION
Human mutations provide a rich source of information for the study of mechanisms of genomic instability. Over 15 years ago it was first suggested by Efstratiadis et al. (1) that slipped strand mispairing (SSM) is enhanced by short (2-8) direct repeats, which may induce short deletions in mammalian DNA. SSM has since been suggested to play an important role in the expansion of trinucleotide repeats, causing a number of neurodegenerative disorders (Fragile X, spinocerebellar ataxia, Huntington's disease and others) (2, 3) . In addition, the size variation of microsatellite repeats, seen as polymorphic markers, is also thought to result from SSM. SSM probably also leads to the variability in microsatellite repeats seen in tumor cells, reflecting the high degree of genomic instability in those tissues (4, 5) . Thus SSM appears to occur both in germline and in somatic cells.
Slippage of the replication fork is not in itself sufficient to explain the more complex mutations in which small deletions are combined with insertions. Here we describe a deletion/ duplication mutation in the human α 2 -globin gene which allowed us to formulate a novel mechanism accounting for the generation of this mutation, as well as a number of other additional human mutations.
The human α-globin cluster is composed of two functional genes (α 2 and α 1 ) which are located in a duplicated region of 4 kb. Unequal crossing over is presumed to be the cause of the common genetic lesions (single gene deletions and triplications), with point mutations being less frequent (6, 7) . Such molecular lesions lead to α-thalassemia by impairing production of the α-globin chains of the hemoglobin tetramer. The various molecular lesions in heterozygotes lead to a wide range of phenotypes, which may be diagnosed by hematological criteria. In general, the red blood cells are found to have microcytosis (low mean corpuscular volume, MCV) and hypochromia (low mean corpuscular hemoglobin, MCH), and mild anemia may be noted (6, 7) . The severe forms of α-thalassemia are HbH disease, with three non-functional α-globin genes, causing moderate congenital anemia, and hydrops fetalis, with no functional α-globin genes, causing intrauterine death.
RESULTS
Analysis of the DNA of patient 1 for gross rearrangements in the α-globin gene by Southern analysis demonstrated heterozygosity for a common single α-globin gene deletion (genotype -α 3.7 /αα). A normal α-globin gene configuration (αα/αα) was found for patient 2 (data not shown). These results are consistent with the milder phenotype of patient 2. However, they do not fully account for the low MCV and MCH values of the patients, suggesting the presence of point mutation(s). Screening for point mutations known in our population was unrevealing.
Sequencing of both strands of the α 2 -globin gene revealed a novel deletion/duplication mutation in both patients (Fig. 1) . A deletion of 9 bp (codons 39-41, exon 2) is replaced by an insertion of eight nucleotides, which represents a duplication of the adjacent downstream sequence. The mutation changes the reading frame, resulting in a termination signal, TGA, 10 codons downstream.+ Examination of the surrounding DNA sequence reveals several features previously reported to be associated with gene rearrangements. The tetranucleotide sequence, CCTG, present in the proximity of 25% of human gene deletions (8) is also present in two repeats on both sides of the rearrangement (Fig. 1C) . In addition, the deletion/duplication is present within a region of high GC content, suggested to be associated with a high deletion *To whom correspondence should be addressed. Tel: +972 2 677 6753; Fax: +972 2 642 3067; Email: ariella@cc.huji.ac.il 
DISCUSSION
The deletion/duplication mutation within the coding sequence, which abolishes the expression of the α 2 -globin gene, together with the other molecular findings, accounts for the hematological parameters of both patients. Most of the α-thalassemia point mutations reported to date were found in the α 2 -globin gene. This is presumably because the α 2 -globin gene is expressed at a rate 3-fold higher than the α 1 gene and therefore mutations in α 2 affect the phenotype to a greater extent (7) . The mutation discovered in this study is rare, and has been found so far only in two unrelated individuals of Yemenite-Jewish origin, who probably have a common ancestor. Examination of the sequence led us to propose that the deletion and duplication have occurred sequentially in the generation of this mutation (Fig. 2) . According to our model, the first event was slippage leading to a nine nucleotide deletion induced by two of the three ACC direct repeats (step b). Following extension by DNA polymerase (step c), we postulate that the slippage loop has been opened up (strand breathing), followed by incorrect pairing downstream to the first slippage event, resulting in the creation of a mismatch bubble (step d). Further DNA elongation resulted in duplication of eight nucleotides (step e). The next round of DNA replication presumably led to the synthesis of one normal and one mutant DNA duplex. Our model suggests that SSM, followed by strand breathing and replacement of the slippage loop by a mismatch bubble, caused the deletion/duplication. A number of short deletion/insertion mutations in humans have been described. An extensive literature search has revealed 13 such additional mutations (a total of 14, Table 1 ), almost all under 20 bp. Direct repeats, suggesting slippage, were found in eight of these (Table 1, nos 1-8) . In seven of them, the inserted nucleotides come from a neighboring sequence on the same DNA strand. We have asked whether the mechanism described above may also account for the six additional mutations (nos 2-7 in Table 1 ). Detailed analysis of their sequences (available upon request) demonstrated that they may indeed be explained by the model. The common features are slippage, the formation of a singlestranded loop and DNA extension, followed by strand breathing and the creation of a double-stranded mismatch bubble. In mutations no. 2 and no. 4 there is, in addition, a single base substitution, and in mutation no. 3 there is an insertion of a single C. These additional changes support the notion that impaired proofreading plays a role in the generation of small deletions or insertions. Our model suggests that mutation no. 4 was created by a deletion followed by two duplication events, resulting in two insertions, of 11 and 10 nucleotides respectively. In mutation no. 7, which was found in tumor cells, we assumed an insertion of a T as a prior event. Such single base deletions or insertions are common in tumor cells (10) . In addition, in this mutation (no. 7) the model suggests two slippage events each resulting in a nine nucleotide insertion, followed by the deletion of five nucleotides.
In mutation no. 8, the inserted sequence comes from the complementary DNA strand, implying the participation of another type of secondary structure. This mutation includes an additional 11 bp deletion, eight nucleotides downstream of the breakpoint of the first deletion. Mutation no. 3 occurred seven nucleotides downstream of no. 8, suggesting enhanced instability of this region.
The other six mutations, nos 9-14, are located in regions of symmetric elements or inverted repeats (Table 1 ) and thus may have arisen by a different type of mechanism, which involves hairpin or stem-loop structures, or Moebius loops (8, 11) . In addition to the presence of direct or inverted repeats, most of the mutations are present within a region of high GC content (Table 1) , emphasizing the important role of the surrounding DNA sequence in the genesis of this type of mutational event.
In conclusion, we propose that strand breathing may occur following slipped mispairing, probably relieving local constraints on the single-stranded loop. It has been suggested that the polymerase pauses when it encounters a complex DNA configuration such as a triple helix (12) (13) (14) . Such a pause may allow the replication fork to undergo strand breathing and reannealing. If this occurs after some extension has taken place, the DNA at the replication fork may attain any of several alternative configurations. The specific configuration present when DNA elongation ensues will determine whether the outcome of the SSM event would be a simple short deletion (or a duplication) or a more complex deletion/insertion. Therefore, only some of the SSM events will result in both deletion and insertion. It should be noted that for microsatellites, deletion/insertion events would be indistinguishable from simple deletions or duplications. Thus, this mechanism may be more frequent than suggested by the total number of deletion/insertion mutations seen to date. This mechanism is probably restricted to a size range which is determined by specific properties of the replication machinery.
MATERIALS AND METHODS

Subjects
Two unrelated individuals of Yemenite-Jewish origin were referred for evaluation of unexplained mild microcytic anemia. Their hematological data was compatible with an α-thalassemia trait. Patient 1 is 20 years old. Her hematological data is compatible with an α-thalassemia trait (Hb 11.1 g/dl, MCV 66.8 fl, MCH 19.8 pg). Patient 2 is 13 years old. Her hematological data is also compatible with an α-thalassemia trait, with a milder phenotype (Hb 12.6 g/dl, MCV 74.5 fl, MCH 23.6 pg). In both, iron deficiency and a β-thalassemia trait were excluded.
Complete blood counts were performed on a Coulter S Plus IV analyzer.
Genomic digest and Southern blots
DNA was isolated from peripheral blood leukocytes according to standard procedures (15, 16) . Southern analysis was performed using BglII digestion, with a ζ-globin-specific probe (17) .
PCR and sequencing analysis
PCR of the complete α 2 -globin gene was performed with Taq DNA polymerase (Appligene), using the conditions recommended by the manufacturer, with ∼1 µg of genomic DNA. The amplification cycle consisted of 1 min at 94_C, 1.5 min at 62_C and 1.5 min at 72_C. Thirty five cycles of PCR were usually sufficient. Primers were P56: 5′-CCCCAAGCATAAACCCTG-GC and P52: 5′-CCTCCATTGTTGGCACATTCC, yielding a product of 922 bp. The PCR product was isolated following electrophoresis on a 1% low-melting agarose gel. The band was removed and kept frozen. Prior to sequencing, the agarose was melted at 68_C and 14 µl was used for each reaction. Direct sequencing was performed using the internal primers P57: 5′-ACAGGCCACCCTCAACCGTC (sequencing the 'sense' strand) and P66: 5′-CTTCTTGCCGTGGCCCTTAAC (for the 'antisense' strand), with Sequenase Version 2 (USB).
Mutation database search
A literature search was performed using Medline Subset Query Form with the following key words (including search of Mesh headings): 'insertion deletion' and 'human' and 'base sequence' but not 'polymorphism'. Out of 419 titles retrieved, we found 13 which were relevant.
